Glutathione transferase (GST) catalyzes the conjugation of various electrophilic substrates, including xenobiotics such as carcinogens and mutagens, with glutathione (GSH). In the mammalian liver, these GSH conjugates are metabolized further by y-glutamyl transpeptidase, cysteinylglycinase, and N-acetyl transferase through the mercapturic acid biosynthesis pathway (7) . The distribution of GST has been reported from bacteria to mammals (14) , and many GST isoenzymes have been isolated and characterized in various mammals (2, 3, 9, 16, 20) . Some GSTs have been reported to have alternative functions other than detoxification, such as the reduction of organic hydroperoxides by GSH peroxidase activity (19) and the possible formation of leukotriene C from leukotriene A (5) .
GSH was first isolated from yeasts and is abundant in yeast cells (26) , but there are few reports of yeast GST (15, 18) , and GST has not been purified from yeast cells to a homogeneous state. Recently we reported the distribution of GST in yeasts and the formation and the stabilization of GST in Issatchenkia orientalis, which showed the highest GST activity of all yeast strains investigated (16a) .
In this study, GST was purified from I. orientalis and characterized to determine the physiological role of GSH and GST in yeast cells.
MATERIALS AND METHODS
Reagents. Bromosulfophthalein, 1,2-epoxy-3-(p-nitrophenoxy)-propane, ethacrynic acid, and hematin were purchased from Sigma Chemical Co. 1-Chloro-2,4-dinitrobenzene (CDNB), o-dinitrobenzene (o-DNB), p-nitrobenzoyl chloride, p-nitrophenethyl bromide, and DEAE-cellulose were from Wako Pure Chemical Co. 4-Nitropyridine-Noxide was from Nakarai Chemical Co. 1,2-Dichloro-4-nitrobenzene, tributyltin acetate, and triphenyltin chloride were from Tokyo Kasei Co. trans-4-Phenyl-3-buten-2-one was from Aldrich Chemical Co., and Cibacron blue 3G-A was from Fluka AG. Sephadex G-100, Phenyl-Sepharose CL-4B, CM-Sepharose CL-4B, PBE Cells were picked up from a basal medium slant culture containing 2% glucose, 0.5% peptone, 0.05% yeast extract, 0.05% KH2PO4, 0.05% K2HPO4, and 0.02% MgSO4, inoculated into a test tube containing 5 ml of the basal medium, and grown at 28°C overnight with reciprocal shaking. Each test tube culture was transferred to a 2-liter Sakaguchi flask containing 500 ml of basal medium and was then grown at 280C overnight with reciprocal shaking. Two such subcultures were inoculated into a 30-liter jar fermentor (type MSJ-U 301, Marubishi Co.) containing 25 liters of inducing medium consisting of 200 ,uM o-DNB, 0.1% glycine, and 0.1% L-cysteine, besides the basal medium as described before (16a). Cultivation was carried out .at 30°C with aeration (1 liter per liter of medium per min) and agitation (200 rpm). The grown cells were harvested at the late-exponential phase with a refrigerated continuous-flow centrifuge (type GLE, Carl Padberg GmbH).
Enzyme assay for GST activity. During the purification, GST activity was assayed spectrophotometrically with the substrate CDNB as described previously (16a) . For the substrate specificities, the enzyme activity was determined by the method of Habig et al. (13) . GST activity was also determined by measuring nitrite released enzymatically from o-DNB, by using the diazo-coupling method of Asaoka and Takahashi (4) with a slight modification (16a (25) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as described by Laemmli (17) . Proteins on the native gel were stained with amido black 10J3, and those on the Laemmli gel were stained with Coomassie blue R-250.
Molecular weight estimation. Molecular weights were determined by gel filtration on a high-performance liquid chromatograph equipped with a TSK-GEL 2,000 SW column (7.5 by 30 mm) (Tosoh Co.) equilibrated with 0.05 M potassium phosphate (pH 7.0). Elution was performed with the same buffer, and A280 was measured.
The subunit molecular weights were estimated by SDS-PAGE, with an LMW molecular weight calibration kit purchased from Pharmacia.
Chromatofocusing. The enzyme solution was applied on a PBE 94 column (0.8 by 20 cm) equilibrated with 0.25 M ethanolamine hydrochloride (pH 9.4) containing 20% glycerol, 1 mM EDTA, and 10 mM sodium sulfite. The enzyme was eluted in 2-ml fractions with a descending linear gradient of Polybuffer 96 hydrochloride (11-fold dilution, pH 7.0), from pH 9 to 7.
Purification of GST from I. orientalis. All operations were carried out at 0 to 4°C, but Phenyl-Sepharose CL-4B column chromatography was carried out at room temperature (15 to 200C). In all column chromatographies, equilibration and elution were carried out with a buffer solution containing 20% glycerol, 1 mM EDTA, and 10 mM sodium sulfite. GST solution was concentrated by ultrafiltration, if necessary, with a Labo cassette by using the UF membrane NMWL 1,000 (Millipore Corp.).
Purification steps. (i) Preparation of cell extracts. Cells
harvested from 50 liters of culture (wet weight, 600 g) were suspended in 2 liters of 0.05 M potassium phosphate buffer, pH 7.0, containing 1 mM EDTA and 10 mM sodium sulfite. The cells were disrupted with a Dyno-Mill (agitation rate, 3,000 rpm with glass beads of 0.25 to 0.50 mm in diameter) (Willy A. Bachofen, Maschinenfabrik, Basel, Switzerland), and the supernatant solution was obtained by centrifugation.
(ii) Protamine sulfate treatment. A 2% protamine sulfate solution was added to cell extracts up to 10% of the total protein, and the precipitate formed was removed by centrifugation. The supernatant solution was dialyzed for 48 h against three changes of 20 liters of 0.05 M potassium phosphate buffer, pH 7.0, containing 1 mM EDTA and sodium sulfite.
(iii) DEAE-cellulose column chromatography. Glycerol was added to the dialyzed solution to make a 20% concentration. This enzyme solution was then applied to a DEAE-cellulose column (10 by 50 cm) equilibrated with 0.05 M potassium phosphate buffer, pH 7.0. The enzyme was eluted with the same buffer. Active fractions were combined and concentrated by ultrafiltration.
(iv) Sephadex G-100 gel filtration. The enzyme solution was divided into three portions, and each portion was applied to a Sephadex G-100 column (1.8 by 125 cm) equilibrated with 0.05 M potassium phosphate buffer, pH 7.0, and eluted with the same buffer. The active fractions were combined and concentrated by ultrafiltration. The enzyme solution was dialyzed against the 0.05 M potassium phosphate buffer, pH 7.0, containing 0.25 M NaCl.
(v) First Phenyl-Sepharose CL-4B column chromatography. The enzyme solution was divided into two portions, and each portion was applied to a Phenyl-Sepharose CL-4B column (2 by 25 cm) equilibrated with 0.05 M potassium phosphate buffer, pH 7.0, containing 0.25 M NaCl. After the column was washed with the same buffer, the elution was carried out with 0.05 M potassium phosphate buffer containing 30% ethylene glycol. Two peaks of activity were eluted, and the fractions containing the activity were combined separately for each peak. The second eluted peak was used for the study of enzymatic properties without further purification (GST Y-2).
(vi) CM-Sepharose CL-4B column chromatography. The first eluted active peak from Phenyl-Sepharose CL-4B column chromatography was applied to a CM-Sepharose column (0.9 by 12 cm) equilibrated with 0.05 M potassium phosphate buffer, pH 7.0. The enzyme activity was eluted with the same buffer. The active fractions were combined and dialyzed against 0.05 M potassium phosphate buffer, pH 7 .0, containing 0.25 M NaCl.
(vii) Second Phenyl-Sepharose column chromatography. The enzyme solution was applied to a Phenyl-Sepharose column (1.4 by 43 cm) equilibrated with 0.05 M potassium phosphate buffer, pH 7.0, containing 0.25 M NaCl. After the column was washed with the same buffer, the enzyme was eluted with 0.05 M potassium phosphate buffer, pH 7.0, containing 0.25 M NaCl and 25% ethylene glycol. The active fractions were combined and used for the study of enzymatic properties (GST Y-1).
Preparation of antisera. Antiserum was raised against GST Y-2 in white rabbits. GST Y-2 obtained by the first PhenylSepharose CL-4B column chromatography was subjected to SDS-PAGE for further purification. After staining, the band of GST Y-2 was cut out and eluted electrophoretically. About 1 mg of eluted protein was dialyzed thoroughly against distilled water and freeze-dried. This preparation gave a single band on SDS-PAGE. Prepared GST Y-2 antigen was dissolved in phosphate-buffered saline (12.5 mM sodium phosphate [pH 7.4], 150 mM NaCl), emulsified with an equal volume of Freund complete adjuvant, and injected intramuscularly into male rabbits on days 1 and 22. The rabbits were bled from an ear vein 7 days after the second injection. The serum, containing 0.1% NaN3, was stored at 4°C. A stained SDS-PAGE gel with no protein was also eluted, and the eluate was injected into the rabbits in the same way. The serum obtained did not form precipitin lines against GST Y-1, GST Y-2, cell extract, or control sera which were obtained from rabbits before immunization.
Immunodiffusion. The Ouchterlony immunoprecipitin tests (24) were performed in 1% purified agar gel (Difco) containing 0.1% NaN3 and 0.05 M Tris hydrochloride, pH 8.0.
RESULTS
Enzyme purification. The purification of GST was carried out from the cell extract of I. orientalis by protamine treatment and five column-chromatographic fractionations (Table 1) . With the first Phenyl-Sepharose column chromatography, two peaks having GST activity were eluted (Fig. 1) and were named fraction A and fraction B. Fraction B gave a single band on disc PAGE (Fig. 2A, lane b) , but fraction A gave several bands, including the same band as fraction B. Fraction B was designated GST Y-2 and characterized, and fraction A was further purified. Disc PAGE of fraction A after CM-Sepharose CL-4B column chromatography gave two protein bands (Fig. 2A, lane a) , and each band extracted from the gel before staining showed GST activity.
The heavy band showed the same migration with GST Y-2 on SDS-PAGE. At the final step, the second Phenyl-Sepharose column chromatography, the active fraction was eluted by 0.05 M potassium phosphate buffer, pH 7.0, containing 25% ethylene glycol and 0.25 M NaCl. It gave only the light protein band on disc PAGE (Fig. 2A, lane c) and was named GST Y-1. Immunological properties. To demonstrate the immunological characteristics of GST Y-1 and GST Y-2, immunodiffusion experiments were performed. The antiserum to GST Y-2 reacted with two kinds of cell extract of I. orientalis cultured with or without o-DNB, and both formed a precipitin line that showed identity with that of purified GST Y-2 (Fig. 3) . On the other hand, the antiserum to GST Y-2 did not react with purified GST Y-1 (Fig. 3) . These results suggest that GST Y-1 is immunologically distinguishable from GST Y-2.
Catalytic properties. The properties of the purified isoenzymes were investigated with CDNB as an electrophilic substrate. The optimum pH values for the conjugation of GSH with CDNB by GST Y-1 and GST Y-2 were 7.0 and 7.0 to 7.5, respectively. The optimum temperatures for the conjugation of GSH with CDNB by GST Y-1 and GST Y-2 were 450C and 350C, respectively. The pH stabilities of GST Y-1 and GST Y-2 were investigated by preservation of these isoenzymes in various buffers containing stabilizing agents at 40C for 1 week. GST Y-1 retained more than 90% activity in the pH range of 6.5 to 7.5, but lost ca. 40% of its activity below pH 5.0 and above 9.0. GST Y-2 retained more than 85% activity in the pH range of 6.5 to 11.7, but lost 60% of its activity at pH 3.8. The temperature stabilities of these isoenzymes were investigated by incubation of the isoenzymes at various temperatures. GST Y-1 retained 92% of the initial activity on incubation at 40'C for 10 min and lost 96% of the activity on incubation at 70'C. GST Y-2 retained 95% of the initial activity on incubation at 40'C for 10 min and retained 34% of the activity after boiling for 10 min.
Substrate specificities. The conjugation of GSH with various electrophilic substrates was measured spectrophotometrically (Table 2 ). GST Y-1 showed higher specific activity (6.33 U/mg of protein) than GST Y-2 (0.61 U/mg of protein) when CDNB was used as an electrophilic substrate. When o-DNB was used as the substrate, GST Y-1 also showed higher specific activity (0.49 U/mg of protein) than GST Y-2 (0.08 U/mg of protein), but when other substrates such as bromosulfophthalein and trans-4-phenyl-3-buten-2-one were used, GST activity was not detected for either isoenzyme. presence of various GST inhibitors with CDNB as an electrophilic substrate (Table 3) . Both GST Y-1 and GST Y-2 were inhibited by hematin rather than tributyltin acetate and triphenyltin chloride. Cibacron blue 3G-A inhibited GST Y-1 significantly, whereas GST Y-2 was strongly inhibited by bromosulfophthalein.
DISCUSSION
Glutathione transferase activity is widely distributed, from mammals to microorganisms (14) . Especially in mammals, many tissue-specific (11, 12, 16) and species-specific (2, 3, 9, 20) GST isoenzymes have been purified, and their properties and functions in cells have been studied extensively. GST activities have also been found in plants (10) and insects (8) , and they are related to resistance to herbicides and insecticides. For microorganisms, there are only a few reports about GST activity (15, 18, 23) . GST was purified and characterized only from Mucorjavanicus (1); it has not been purified from bacteria or yeasts. Recently, we reported that GST of I. orientalis is very unstable, and it loses almost all of its activity by ammonium sulfate precipitation or by standing at 40C for 1 week without stabilizing agents (16a). During purification, we could not use ammonium sulfate fractionation, and all operations had to be carried out in the presence of stabilizing agents in the pH range of 6.5 to 7.5. We also could not use an affinity gel such as S-hexylglutathione-agarose because both isoenzymes did not adsorb to the affinity column. Under these very restricted conditions, two GST isoenzymes were isolated to homogeneity for the first time from I. orientalis. The yield of GST Y-1 was low because it was isolated by a slight difference of hydrophobicity between GST Y-1 and GST Y-2. When a gradient was used in Phenyl-Sepharose column chromatography, GST activity was eluted gradually and no separation of GST Y-1 was observed.
Multiple forms of GST in an organism is a prominent feature in the occurrence of the enzyme (22), and we have obtained two isoenzymes, GST Y-1 and GST Y-2 from I. orientalis. Both GST isoenzymes are homodimers, containing subunits with molecular weights of 22,000 (GST Y-1) and 23,500 (GST Y-2).
Antiserum to GST Y-2 reacted with two kinds of cell extracts of I. orientalis, and each formed a single line of precipitation that showed identity with that of homogeneous GST Y-2. On the contrary, antiserum to GST Y-2 did not react with homogeneous GST Y-1. From these results, two kinds of GST were distinguishable from each other; it is very interesting to study the role and relation of the two isoenzymes in the cell.
Molecular properties of GST Y-1 and GST Y-2 are similar to GSTs from mammals (22) , but hybridization of subunits, which underlies the occurrence of multiple isoenzymes in a mammal, was not observed in our isoenzymes. Isoelectric points of the isoenzymes, pH 8.40 for GST Y-1 and pH 8.55 for GST Y-2, correspond to those of basic GSTs of mammals. Both isoenzymes showed high substrate specificity toward CDNB, as was reported for mammalian and M. javanicus (1) GSTs. GST Y-1 showed higher specific activities than GST Y-2 when o-DNB or CDNB was used as a substrate. Although o-DNB was used as an inducer of GST, the relative rates of GST reaction toward o-DNB were low compared with those toward CDNB. Relation of the sort of inducer and the molecular species of GST synthesized in the yeast cells is interesting and is a problem to be elucidated. GSH peroxidase activity, which has been reported to coexist in some mammalian GST (19) , was not detected in our isoenzymes.
